AN EARLY REPORT of rhythmic electrical stimulation of phrenic nerves to effect respiration was by Waud 31 in 1937, who used the technic in rabbits to avoid the effects of positive pressure insufflation on the pulmonary circulation. Sarnoff et al. 24 , 25 26 April 27-29, 1970 . ' By invitation.
Supported by U.S.P.H.S. Grant #9242-41 and a gift from Charles W. Ohse. longed periods to four patients with hypoventilation of central origin.
Selection of Patients for EPR
For the initial clinical application of long-term electrophrenic respiration we sought patients who had unequivocal need for chronic ventilatory assistance, whose phrenic nerves and diaphragm responded normally to electrical stimulation, and whose lungs were normal. In only the first patient, Case 1, were these criteria not met completely. In this patient obstructive disease of the lungs, probably secondary to longstanding severe pulmonary hypertension and polycythemia, was demonstrated by pulmonary function tests. Ventilatory insufficiency, as evidenced by a diminished arterial PO) and elevated arterial Pco,2 particularly during sleep (Ondine's curse), and diminished responsiveness of the respiratory center to 5% carbon dioxide, was present in all four patients (Fig. 1) . A number of other patients were evaluated as suitable candidates for EPR but rejected by not meeting the above mentioned criteria.
Operative Procedure In these patients the phrenic nerve was isolated on one side only because we were uncertain how much damage to the nerves might result from long-term EPR A block diagram (Fig. 4A) Four modifications were made to the nerve electrode assembly used in Cases 2, 3 and 4. First, the straps were repositioned within the cuff so that the current pathway between electrodes would be on a diagonal line through the nerve. Second, the stimulating straps were increased in thickness to .004 ± .001 inches. Third, the electrode lead wires were changed to lightweight multifilament (365 x 8 microns) stainless steel material. In Cases 2 and 4, a 5 mm. internal diameter cuff was used but in Case 3, a 4 mm. one. Fourth, the silastic cuff mold was modified to provide a small pair of inline flaps or fins (Fig. 6) (Fig. 8) . Almost immediately after EPR was begun, the natural respiratory rhythm was superseded by EPR rhythm. The flow and volume tracings during EPR were similar in contour to those of spontaneous respiration and did not show a biphasic response, suggesting that stimulation of the left diaphragm by EPR is associated with reasonable preservation of the normally well-integrated operation of all respiratory muscles.
2. Regional gas distribution was measured by the use of xenon 133.2 Xenon 133 gas was administered by inhalation in Case 2 until the gas distribution in the lungs reached a steady state.' The washout pattern on EPR (15/min.) was studied. When compared with normal values, the washout was faster in all parts of the lung except the right lower lobe (Fig. 9) . Xenon 133 gas was dissolved in saline and administered by vein in patients 2 and 3.* Again the washout of gas from the left lung during EPR was more rapid than from the right side.
3. Ventilation during sleep off and on EPR demonstrated in patients 1, 2 and 4 a marked rise in P(co. during sleep that was promptly reversed by EPR (Figs. 10, 11 ). We were never able to obtain a sleeping sample in patient 3, nor were others who had studied this patient, as he invariably developed apnea and awoke when respiratory assistance was discontinued. The values given for him are after 3 hours of "resting" at night followed by 3 hours asleep on EPR. 4 . The diaphragm on both sides in all four patients preoperatively showed limited excursion during resting (normal) breathing but wide excursions during forced hyperventilation. Trans-caval stimulation of the right phrenic nerve was carried out in two of the patients using a cardiac pacemaker.4 9 A hiccough-like contraction of the right diaphragm was seen when the nerve was stimulated but a consistent response to stimulation was not possible due to motion of the catheter tip in the vein. Also, we experienced great difficulty in locating and stimulating the phrenic nerve in the neck using a transcutaneous electrode. Direct stimulation of the nerve at operation resulted in forceful contraction of the ipsilateral diaphragm in all four patients.
Postoperatively, diaphragm motion was observed by fluoroscope off and on EPR. The minimum current (threshold) required to cause movement of the diaphragm was accurately determined except in patient 1 in whom the amount of current flowing to the tissue could not be measured without exposure of the electrode wires. These studies were repeated frequently and a 12 ).
* The first exposure of the film was at maximum inspiration and the second at maximum expiration. These exposures were made by using a timing device coordinating the transmitter signal with the film exposure switch. (Fig. 13) . The systolic pressure decreased 15 to 20%/ within 10 minutes and remained at the new level until EPR was discontinued. Diastolic pressure decreased less than systolic ( Table 3) . The most striking effect was observed in the patient who was mildly hypertensive (Case 4). Similar changes, unaffected by the inhalation of oxygen, occurred in pulmonary artery pressure during EPR; here the most marked change was in the patient whose pulmonary artery pressure was elevated (Case 2) (Fig. 14) .
Discussion Studies on animals and on man have shown that electrical stimulation of the phrenic nerve in a manner mimicing normal diaphragm movement effects an exchange in respiratory gases adequate to maintain arterial oxygen and carbon dioxide tensions at or near normal levels. EPR, despite its obvious value for ventilatory assistance in cases with normal phrenic nerves, diaphragm and lungs is not a method without danger because of possible The most critical feature of the operative procedure is isolation of the phrenic nerve and fixation of the cuff electrode around it. Particular emphasis is placed on preservation of the perineural blood vessels. Our one autopsy specimen, 22 months after implantation of the nerve electrode, showed a number of small patent vessels accompanying the nerve through the cuff. These vessels must be preserved since the nerve is otherwise isolated from tissue providing a blood supply as it passes through the cuff for a distance of 12 mm. Further, to avoid injury to the nerve itself or the small vessels supplying it, the dissection must be done meticulously. The phrenic nerve fascicles, in the cat at least, are not abundantly supplied with blood vessels and preservation of these latter may be critical to the vitality of the nerve.3 The cuff must be firmly fixed to the adjacent tissues to prevent displacement and kinking of the nerve. Leakage of current to the brachial plexus has fortunately not been a problem except where high currents were used momentarily to test the circuit in the early postoperative period. In the design of the cuff electrode we provided an ample internal diameter in which nerve and perineural tissues could swell in the early postoperative period without compressing the nerve; also, in which the fibrous tissue sheath could develop, invariably the reaction of tissue in contact with silastic rubber. A 4 or 5 mm. internal diameter cuff is satisfactory. To assure the passage of current across the entire nerve bundle, the platinum electrode strips were set at 180 degrees to each other (Fig. 6 ). Care must be taken in placinig the nerve in the cuff not to impale tissue on the leading edge of an electrode.
Direct injury to the nerve at the site of electrode attachment has been a concern of investigators for many years. 5' 14, 16, 20, 21 Until induction technics were perfected In patients with hypoventilation of central origin nocturnal stimulation is preferred. At night hypoventilation is most severe,3 and if EPR is carried out during the day when the subject is awake, it must be temporarily discontinued for eating or drinking to avoid possible aspiration during inspiration. The only justification for the use of bilateral phrenic nerve stimulation is an irreversible lesion of the upper cervical cord or respiratory center with viable phrenic nerves in a patient wholly dependent on a mechanical respirator.
Treatment by continuous EPR using stimulation of a single phrenic nerve is not possible at the present time due to the development of fatigue. The site of fatigue is the neuromuscular junction and its onset is influenced by the type and form of the electrical stimulus. Stimulation before fatigue has been as long as 18 hours when the pulses had wide intervals, and anodal block at the site of the electrode implantation was avoided by placing the cathode electrode caudad on the nerve. It may be possible to achieve even longer periods of fatigue-free stimulation by using bidirectional alternating pulses. This mode of phrenic nerve stimulation has been investigated in our laboratory with encouraging results. 27 The mechanism of the decrease in systemic and pulmonary arterial blood pressure during EPR is not clear. It or P,.,. Whatever its cause, the fall in blood pressure, at least in the pulmonary circulation, is probably beneficial, particularly to patients with cor pulmonale with right heart failure, such as patients 1 and 2.
A rapid change in the arterial blood gas level and hydrogen ion concentration may induce cardiac arrhythmias. In patient 2 who had a wide excursion of the diaphragm on EPR and a threefold increase in tidal volume, it was possible to reduce the arterial Pco2 to the low 20 mm. range in only a few minutes, occasioning the onset of tetany. This was easily avoided, however, by manually adjusting the current flow from the transmitter. In the other patients hyperventilation to the point of tetany did not occur when the current was set to give first submaximal contraction of the diaphragm. Typically, during the first month after operation it was necessary to increase slightly the current flow to the nerve 30 to 60 minutes after beginning EPR to obtain consistent air volume for the remainder of the night. Later, one setting of the current flow was satisfactory for at least 8 to 10 hours of EPR. It is anticipated that in most instances there will be, with the passage of time, at least some rise in the stimulation threshold as the fibrous tissue envelope inside the nerve cuff increases in depth.
Hopefully, growth of this envelope will be limited to a thin membrane as is the case when silastic is implanted adjacent to tissues elsewhere. Summary Radiofrequency electrophrenic respiration has been applied for 4 to 22 months to four patients with hypoventilation of central origin. The left phrenic nerve alone has been stimulated for 8 to 10 hours nightly. Studies have confirmed the effectiveness of long-term EPR in maintaining reasonably normal respiration during sleep. Fatigue at the neuromuscular junction, which is reversible, develops after 18 hours of stimulation and the time of onset has been modified by alterations in the pulsewave pattern. Nerve fatigue is rapidly reversible, and permanent damage to the nerve has not been seen.
Sophistication in the electronic design enables the unit to deliver controlled current that is constant to the nerve and to be decoupled over a wide latitude without loss of power.
For the present time long-term electrophrenic respiration is recommended only for patients who have an unequivocal need for chronic ventilatory assistance, whose phrenic nerves and diaphragm respond normally to electrical stimulation and whose lungs are normal. This would include patients with lesions involving the respiratory center or the cervical cord above the C3 level. The application of EPR to other patients with hypoventilation should be made only if, after careful evaluation, sufficient improvement in pulmonary function is assured which would outweigh the risk of damage to the phrenic nerve. Addendum Since this report was submitted two additional patients with hypoventilation of central origin have had RF EPR units implanted. In one the diaphragm failed to respond to stimulation after two weeks. The nerve was reexplored and found to be edematous at the site of the electrode application. The electrode was replaced with a new one. Injury to the nerve from ethylene oxide used to sterilize the electrodes five days before operation was suspected. The diaphragm of the second patient whose electrode was heat sterilized has responded to stimulation in a manner similar to the four patients reported above: There was dramatic improvement in ventilation and a decrease in systemic and pulmonary blood pressure during EPR. We have recently treated a 12-year-old boy with postencephalitic syndrome who had respiratory center damage. He would "forget" to breathe at night after going to sleep and would suffer anoxic convulsions.
With Dr. Glenn's help we obtained one of these units and inserted it. It worked effectively for some days but, due to a technical error on my part, the electrode became displaced from the phrenic nerve.
In the late 1940's when electrophrenic respiration was first developed, Dr. Stan Sarnoff and I applied it to 15 or 20 patients who had poliomyelitis of the bulbar type. Not having Dr. Glenn's radio transmission facilities available, we had to lead the electrode through the patient's skin. The maximum time we could stimulate the nerve was from 4 to 10 days because of nerve fatigue and, perhaps, because of infection which traversed the skin.
Dr. Glenn has significantly eliminated the necessity of having a wire traverse the skin and has improved the type of current so that polarization around the phrenic nerve is minimized, which permits long-term therapy.
DR. WILLIANI W. L. GLENN (Closing): Dr. Mlaloney is one of the pioneers in electrophrenic respiration and it was an inspiration to read the mlany reports by himself and Dr. Sarnoff. Their work helped a great deal in the development of the present technics.
[Slide] In these days of increasing medical costs, I thouight it might be a welcome relief to know that at least in the development of artificial respirators costs are down. The 9-volt battery that is used in this unit, if made in Hong Kong, costs only 19 cents and is good for one week's nightly use of the respirator, approximiiately 70 to 80
hours. The best U. S. type battery is only slightly more.
